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ABSTRACT: We consider two copies of the Standard Model, interchanged by an exact parity
symmetry, P. The observed fermion mass hierarchy is described by suppression factors €'
for charged fermion ¢, as can arise in Froggatt-Nielsen and extra-dimensional theories of

Mi 5o that spontaneous

flavor. The corresponding flavor factors in the mirror sector are e
breaking of the parity P arises from a single parameter € /¢, yielding a tightly constrained
version of Minimal Mirror Twin Higgs, introduced in our previous paper. Models are
studied for simple values of n;, including in particular one with SU(5)-compatibility, that
describe the observed fermion mass hierarchy. The entire mirror quark and charged lepton
spectrum is broadly predicted in terms of € /e, as are the mirror QCD scale and the
decoupling temperature between the two sectors. Helium-, hydrogen- and neutron-like
mirror dark matter candidates are constrained by self-scattering and relic ionization. In
each case, the allowed parameter space can be fully probed by proposed direct detection
experiments. Correlated predictions are made as well for the Higgs signal strength and the

amount of dark radiation.
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1 Introduction

A Mirror Sector, an identical copy of the Standard Model (SM) [1, 2], is currently of consid-
erable interest. Two key results follow from introducing an approximate spacetime parity

symmetry, P, that exchanges the two sectors. First, dark matter may be mirror baryons [3]
with a density expected to be the same order as the baryon density. Second, the SM Higgs
boson can be understood as a pseudo-Goldstone boson via the Twin Higgs mechanism [4],

even though it has order unity couplings, with a modest amount of fine-tuning.



A key question is how P is broken. Simple schemes that have P broken only via a
Higgs mass term suffer from two key problems. First, the theory is excluded from excessive
dark radiation from the mirror sector. Second, in such schemes mirror dark matter is in
part hydrogen-like, with parameters that are excluded by self scattering. Further there is
the question of the origin of this P-breaking Higgs mass.

Recently we introduced Minimal Mirror Twin Higgs (MMTH) [5], where P is broken
only in the Yukawa couplings. In the absence of an exotic cosmological history after the
two sectors decouple (see [6, 7] for examples of such history), we showed that P-breaking in
the Yukawa couplings is a necessity to solve the dark radiation problem, even if additional
interactions allow the decoupling temperature to be arbitrary. Also, a variety of candidates
for mirror dark matter are possible that are not excluded and predict rich phenomenology.!
Furthermore, in MMTH a P-breaking Higgs mass term, necessary for the Twin Higgs
mechanism, is generated by 1-loop radiative corrections. We showed that MMTH has
correlated signals in Higgs decays, direct detection of dark matter and dark radiation, over
a region of parameter space where the fine-tuning for the electroweak scale is 10-50%.

Nevertheless, MMTH itself leads to two questions: what is the origin of P breaking
in the Yukawa sector? Given the large number of parameters in the Yukawa sector, how
predictive can the theory be? In section 2 we introduce a minimal flavor hierarchy for
MMTH, defined in eq. (2.2), where the mirror fermion spectrum is predicted to leading
order in terms of a single parameter €' /e. Such hierarchies arise in Froggatt-Nielsen theo-
ries [9] with an Abelian flavor symmetry spontaneously broken by a small parameter ¢, as
shown in eq. (2.3), and they can also arise in extra-dimensional theories of flavor [10].

In section 3 we study in detail the resulting Higgs, dark radiation and dark matter
signals in a particular model where the powers of €, the Froggatt-Nielsen charges, are
compatible with SU(5) unification. We give predictions for the Higgs signal strength and
the amount of dark radiation, and focus on the nature and signals of mirror dark matter.
We show regions for hydrogen- and helium-like dark matter that are currently allowed
by direct detection, self-scattering and relic ionization limits, and discover that there is a
significantly larger parameter region for mirror neutron dark matter that is currently much
less constrained. We find that almost all regions for these dark matter candidates that are
presently allowed can be probed by direct detection in experiments under way.

Variant models are briefly discussed in section 4. Although the predictions differ in
detail, the broad picture is the same: all models with a single parameter describing charged
fermion mass hierarchies are highly constrained by data. Conclusions are drawn in section 5
and several calculations and details are presented in appendices A to E.

2 Minimal flavor hierarchy

A key feature of the quark and charged lepton masses is their large hierarchies. Any theory
of flavor should incorporate a set of parameters €, < 1 to describe these hierarchies. Within
the context of MMTH it is interesting to explore the possibility that the only breaking of

The possibility to address both the dark matter and the dark radiation problems by Yukawa couplings
of the light mirror fermions larger than the SM ones is proposed in [8].



P arises spontaneously from a difference between these hierarchy parameters in the two
sectors, €, # €,. A general form for the 3 x 3 up, down and charged lepton Yukawa matrices
in the two sectors in the effective theory below A is

yij(€a) = > A €a” Yij(ea) =Y N ea” (2.1)

a
ij
theories, and the summation indicates that several such terms may be relevant for any 4j.

where )\?j are order unity and the same in each sector. The powers nf. vary between

In this paper we provide sharp predictions for MMTH by focussing on a simple scheme
for flavor symmetry breaking in the effective theory below A, with a single hierarchy param-
eter in each sector so that the label a may be dropped. In this “Minimal Flavor Hierarchy”
each Yukawa matrix element is dominated by a single term of the form

Yij = €" Nij € vig =€ Aij €. (2:2)

With this structure, the coupling to the i (j) fermions on the left (right) receives a sup-
pression of the hierarchy parameter to the n; (n;) power. We stress that P forces n;,n;
and );; to be the same in the two sectors, while the spontaneous breaking of P arises only
via the single parameter €' /e # 1, which is constrained by data to typically be in the range
of 2-3.

What is the UV completion of the theory that leads to the structure of (2.2) in the
effective theory at the TeV scale? Above A the twin Higgs sector must be UV completed,
for example in a composite Higgs [11-18] or supersymmetric theory [19-23]. Without
addressing this completion, we can still discuss how the flavor breaking spurions €"i, "
arise at high energies. Possibilities include Frogatt-Nielsen (FN) [9] and extra-dimensional
theories [10, 24].

We consider a FN theory with a U(1) flavor symmetry in each sector spontaneously
broken by (¢') # (¢), which is the only breaking of P in the theory. The flavor structure
of (2.2) results when the fermion charges (Q;, Q;) are chosen to be (n;,72;) and, for example,
e = (@) /M and € = (¢') /M, where M is the mass scale suppressing higher-dimensional
operators which have order unity couplings A;;. In summary

/
€= ﬁ, e = <¢]\J>’ (ni,'ﬁj) = (Ql,Qj) (2.3)
The non-degeneracies between heavy FN fermions of the two sectors must not be so large
that the Twin Higgs mechanism is upset. While there are many such models, they are
greatly restricted since they must reproduce the known charged fermion masses. We find
it convenient to take the charges to be integral and e close to the Cabibbo angle, and study
the predictions of three such models in detail.

Small flavor parameters can arise from wavefunctions of zero-modes in extra dimen-
sions [24]. The analysis of this paper is based entirely on the Yukawa structure of (2.2) —
can it apply to extra-dimensional theories as well as 4D FN theories? If the Higgs field is
spread out in the bulk and fermion wavefunctions are Gaussian, as in [24], then the Yukawa
matrix elements do not have the form of (2.2) as the overlap integral of the two fermion



wavefunctions does not factor into a suppression factor for each fermion. However, if the
Higgs is localized in the bulk at yg, the structure of y;; in (2.2) arises for any form of the
wavefunctions of the fermions in the bulk, with € = ¢;(yy) and €™ = ¢;(ym), and \;; is
the brane-localized coupling at yz [10]. However, it is not clear what spontaneous breaking
in the higher-dimensional set up would lead to ¢’ # € while leaving the powers n;, 71, the
same in both sectors.

In appendix A we give two examples of how this could happen. In one example, the
fermions of the two sectors each live on orthogonal S1/Z5 spaces that intersect at the Higgs
brane in a 2D bulk. The parity P interchanges these two spaces and is spontaneous broken
by compactification to give different lengths, L’ # L. We find the flavor structure of (2.2)
is reproduced with

—ul / —ul’ _ MZ M]
e=e MY € =e (ni,nj):( ,

, (2.4)
B
where M; and M, are bulk masses of the fermions and p is an arbitrary scale which we
choose to give € close to the Cabibbo angle.

3 SU(5)-compatible model

In this section we investigate the prediction of a model with a U(1) flavor symmetry.
We consider a model consistent with the embedding of quarks and leptons into SU(5)
multiplets. We discuss the mass spectrum of mirror fermions, its effect on the Higgs signal,
dark matter phenomenology, and the amount of the dark radiation. We expect the main
features of the results to be similar for other U(1) charge assignment as long as the observed
fermions mass hierarchy is well reproduced, as in the two other models briefly discussed in
section 4.

3.1 Mass spectrum of mirror fermions

In this section we study U(1) flavor charges of fermions consistent with SU(5) [25-27]:
Q,u,e: (4,2,0), d,L: (4,3,3). (3.1)

The three numbers in each parenthesis denote charges of the first, second and third gen-
eration fermions, respectively. Using this structure in egs. (2.2) and (2.3), the Yukawa
couplings of the Standard Model (SM) fermions are given by

yt~1+0(64), Yo ~ € (1+O(e4)), Yy ~ € (1+O(64))
yp ~ € (1+O(62)), Ys ~ € (1+O(62)), Yg ~ € (1+O(62))
Yr ~ € (1—|—O(62)), Yy~ € (1+O(62)), Yo ~ € (1—1—0(62)), (3.2)

where € = (¢) /M and order unity coefficients from the \;; are omitted. Note that there is
a correction of O(e?) or O(e*) to the leading order €” terms. The derivation of the leading
and correction terms are given in appendix B for down-type quarks. The quality of the
SU(5) model as an explanation of the flavour hierarchy is exhibited in appendix C.
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Table 1. Yukawa couplings of the SM fermions at the renormalization scale p = mz.

For a fermion f with a dependence y; ~ €" (14 O (™)), the ratio of the Yukawa
couplings of the corresponding mirror fermion to that of the SM fermion, at the same scale
above both masses, is given by

v _ (6)” g
- (14 0p¢™ = dpem) (3.3)
Yy €

where ¢4 depend on the \;; and hence are unknown O(1) constants. It should be noted that
the top quark has n = 0, and hence the SM and the mirror top yukawa couplings are the
same (up to small corrections of relative order 6/4, ¢*) which is required to suppress a too
large correction to the Higgs mass term [28]. We use values of the SM Yukawa couplings
shown in table 1 at the renormalization scale p = my [29]. In figure 1, we show the masses
of mirror fermions, including renormalization by the strong coupling. The bands show the
uncertainty due to the unknown constants d¢, and correspond to |§¢| < 1. The SM Yukawa
couplings y, and g, suffer uncertainties of 30% and 10%, but we assume central values
in figure 1.

The mass spectrum of the mirror particles also depends on the dynamical scale of
mirror QCD, A’QC p- To estimate A'QC p and the mirror QCD phase transition temperature
T!, we first take the mirror top quark mass to be 4my, corresponding to v'/v = 4, and
the other mirror quark masses to be 50 GeV, and solve the renormalization group running
of the mirror QCD coupling constant. We then find the renormalization scale such that
6/ 91,32 = 3.2, we match the scale with the inverse of the lattice spacing and we estimate 7
based on the lattice calculation in [30]. To estimate T for generic quark masses, we then
use the scaling by the one-loop renormalization group equation. The mirror QCD phase
transition temperature is given by

T, ~2.3 Gev(wg’gw)”?’?’ I (5077158\/)2/33

q: 787 7u?c

F N4/ N 56/33
~ 2.1 GeV <”i”> (62/56) . (3.4)

Note that the last expression does not depend on the ¢;’s, as they should be cancelled with
each other in the determinant of the mass matrix.

In the following sections we consider € /e in the range of 2-3, and find that experimental
constraints will further reduce the allowed range. This range gives an origin for the needed
breaking of Parity in the Higgs potential via the difference y} # yr in the Yukawa couplings
of the light fermions [5] as well as the small difference between y; and vy;.

We comment on the effect of the mass splitting between the heavy FN fields, which are
introduced to generate the structure in eq. (2.3). We first consider the case where none of
the masses of heavy fermions vanishes for ¢ = 0, which we assume in this paper. Through



the mixing between fermions, a small mass difference of m’/m = 1 + O(¢’?) is expected,
where m and m’ are the mass scale of the heavy SM FN fermions and that of the heavy
mirror FN fermions, respectively, Although a difference between the gauge couplings g3 21
and 93?271 is induced due to a threshold effect, its effects on the breaking of the Parity in
the Higgs potential is negligibly small. The difference between g3 and g4 does not affect
the estimation of A/QC p and hence of T}, at the one-loop level, as the product of the fermion
masses including light fermions are not affected by the mixing, and eq. (3.4) remains intact.

It is also possible that some of the heavy fermion masses vanishes for € = 0. In this
case, € # € directly affects the mass splitting of those heavy fermions, and a mass splitting
of m'/m ~ (€'/e)" is expected. The Parity breaking threshold correction to the gauge
coupling constant is given by

o —o; e\"
i i i
~ —NIn(—] , 3.5

o 2m < € > (3:5)
where N is the multiplicity of the FN fermions with a large mass splitting. As long as
0/2(3) — ayz)/a $ 0.2(0.5), the Parity breaking effect on the Higgs potential is small [5],
which requires Nn < 40. A displacement of T/ as well as the mirror electromagnetic gauge
coupling is to be expected, which affect the amount of the dark radiation and the constraint
on dark matter. See appendix A for analogous considerations when the Minimal Flavor
Hierarchy arises from extra dimensions.

3.2 Higgs signal
In Twin Higgs models, the signal of the SM-like Higgs, h, is affected in two ways. First, h
is an admixture of the two original doublets H and H’,

h=cyH+s,H', s,=siny~uv/v, (3.6)

so that the couplings between h and two SM particles are reduced by a factor of ¢,. Second,
h also couples to a pair of mirror particles, so that it will decay to mirror fermions lighter
than my, /2 via the interaction

v _ vmf/
V2u'! ﬂv’25f/7mh

Here, 64, = yp(myg)/yp (1) encodes the effect of renormalization between a scale p and

Lo —yp Hfifr = — yp hfLfr = hfi k- (3.7)

myr. These decays lead to an invisible branching ratio for h

- 3 \4 Ne oo myp
Briny = Br(h = f'f') ~ 0.1 x [ —— L (L 252 3.8
T A% r( ff) <UI/U> Z 3 <1OGeV) f7mh ( )
f’,me/<mh
where phase space has been neglected. The invisible branching ratio, together with the
reduction of the Higgs coupling to SM particles, results in a universal deviation from unity

of the Higgs signal-strengths at colliders into any SM final state,

l—p=1- c%(l — Bripy) =~ 33 + Brigy. (3.9)
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Figure 1. The mass spectrum of mirror fermions following from (3.2) and (3.3). The shaded bands,
showing deviations from the simple scaling law, correspond to |[d;| < 1. Central values are taken
for SM Yukawa couplings.

In figure 2, we show predictions on 1 — p for v'/v = 4 and 3. The value of § denotes the
maximum absolute value of d; we allow. We choose the sign and value of each J; so that
p becomes as large as possible. Specifically, we first try éy = 6, and see if mp > my, /2.
If so, we choose d; to be d. If not, we choose 6y = —d. The figure shows that 1 — ;1 can
be smaller than the experimental bound, x > 0.75 [31] for ranges of €'/e that depend on
v'/v and §. Here we have adopted the constraint on the gluon fusion channel, as it has
the smallest uncertainty. €'/e < 2.2 is excluded because the mirror charm quark becomes
lighter than my, /2.

3.3 Mirror dark matter

The lightest mirror baryon and the lightest mirror charged particle are stable, and may
compose the dark matter of the universe. We assume that the mirror sector also has non-
zero matter asymmetry and that the asymmetric component of mirror matter explains
the observed dark matter density. Most of the discussion in this section is applicable to
generic mirror world scenarios. Dark matter phenomenology in the mirror world scenario
with y = ¢/ is discussed in [32, 33] and more recently in [34, 35]. For reviews of models
producing similar/equal asymmetries in standard matter and in dark matter see [36-38]
and references therein. As an example of a recent specific proposal in the context of twin
Higgs models see [39].
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Figure 2. Prediction for the Higgs signal strength. Panels with § = 1,2 have the mass spectrum
of mirror fermions chosen to minimize the invisible decay of the Higgs. Decays to ¢’ exclude €'/e
less than about 2.2.

3.3.1 Dark matter candidates

The second and third generation mirror fermions decay into the first generation, so only
the mirror up quark, down quark or electron may be stable. The dark matter candidate
depends on the mass relation between them. In the left panel of figure 3 we show the
masses of d’, v/ and ¢€’: solid, dashed and dotted lines show ranges with [07| <0, 1 and 2,
respectively, and uncertainties of the SM w and d Yukawa couplings, which we take to be
30% and 10%, are included. The right panel of figure 3 shows the maximum value of my
allowed by the Higgs signal strength, for values of § described in the caption.
In most of the parameter space my < my + mg, so that the mirror electron
is stable. Depending on m,/, mg there are four candidates for the lightest baryon:
! ww B ! aa> Buaa- The By, B, states are spin 3/2 and have an additional strong in-

uud? uuu?

teraction contribution to their masses, A ~ T/, compared to the spin 1/2 states B, ;, Bl -

From figure 3 we see that there is a large region with mg > m, and mg — my > me so
that the lightest baryon is B;,,,, and B!, ;, Bl Bl ave unstable. The DM candidate is

uuu uud’
(He)!, composed of (uuuee). (The star subscript indicates that the flavor structure of the
nucleus differs from the corresponding SM case.) The constraints on (He), dark matter
are discussed later.

In regions where mg — m,s ~ me, the other baryons, B! .. B ., B}, could be the
/ !/

uuu )’ uud?

lightest baryon, and B ! aqs Bhags € may all be stable. The spectrum of
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Figure 3. Left panel: the masses of v/, d’ and €, including uncertainties from the SM up and down
quark Yukawa couplings. Solid, dashed and dotted lines show the cases with § =0, 1, 2 respectively.
Right panel: red and blue lines show the central value and § = 2 ranges of the d’ and u’ masses,
without any SM Yukawa uncertainties. Black lines show the maximum d’ mass allowed from the
Higgs signal strength, showing the central and § = 2 range as v’ and d’ masses are varied.
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Figure 4. The mass spectrum of the mirror baryons as a function of m,, — mg. The dotted lines
show the masses of B}, and B, ignoring the contribution from the mirror QCD dynamics to the
mass difference between the lightest spin-3/2 baryons and the lightest spin-1/2 baryons, A. The
red lines show the mirror baryon of the dark matter candidate.



Me + A < Mgy | Mer < Mgy < M + A | —A —me < Mgy < Mer | Mgy < —Mer — A

DM By + 2¢ Bq+e B4 Bhgg+e

Table 2. Ranges of mg — m, = dmyr,, for the four Dark Matter candidates.

these baryons is sketched in figure 4, for me > A (me < A) in the left (right) panel. In
appendix D we show that, after freeze-out of the mirror weak interactions at a temperature
of about me//18, the baryon asymmetry is always carried by the lightest baryon, even if
the heavier ones are stable.

Hence there are four DM candidates

(He) (uuuee), H'(uude), n' (udd), H.(ddde) (3.10)

Regions of parameter space leading to these four candidates are shown in figure 5, separated
by black dashed lines, with the predicted regions in the SU(5) model shown by dark (light)
red shading for § = 1(2), with . = 0. The n’ candidate is particularly important since
the others are atoms and are significantly constrained by limits on self-scattering and relic
ionization, as described below. It is interesting and remarkable that the n’ region of figure 5
is large, arising from a large region with mgy — my ~ me, while the H and H, regions
are smaller.

While weak interaction freeze-out puts the baryon asymmetry into the lightest baryon,
when atomic states form the electron capture process, if kinematically allowed, ensures that

(He). (vuuee) — H'(uude), H'(uude) — n'(udd) H,(ddde) — n'(udd), (3.11)

so that the DM candidate is the lightest of (He),, H',n' and H,. It is the latter two
processes that significantly enhance the n’ DM region. In figure 4 the red line tracks the
baryon of the DM candidate, and jumps where electron capture occurs, so that the DM
candidate does not necessarily contain the lightest baryon. The growth in the n’ DM region
is particularly pronounced for large m./. The resulting ranges of my — m,, for each of the
four DM candidates are shown in table 2.

3.3.2 Direct detection via Higgs exchange

Before investigating constraints and signals peculiar to each dark matter candidate, we
discuss a signal universal to all the above candidates. These dark matter particles interact
with SM nucleons through the exchange of the SM-like Higgs, h, and can be observed in
direct detection experiments [5, 40-42]. The scattering cross section between a nucleon
and a dark matter particle is given by [5]

O.OQSm%Mm?\,< MNMDM )2

m  v4mp  \my+ mpu

ON,DM = (3.12)

where my and mpy are the masses of the nucleon and the DM, respectively. Here we
assume that the mass of dark matter is dominated by mirror fermion masses. This cross
section is shown in figure 6. We also show constraints from the XENOTI1T experiment
(30days) [43], the expected sensitivities of XENONI1T [44], LZ [45] and DARWIN [46]
experiments, as well as the neutrino floor [47].

~10 -
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Figure 5. Dark (light) red shading gives the range of my — m,s for § = 1(2). Black dashed lines
separate regions where the DM candidate is (He)',, H',n’ and H] with . = 0. The left (right) panel
is for minimal (maximal) m,, . Gray shaded regions are excluded by the Higgs signal strength. The
position of the upper and lower black dotted lines are uncertain and are shown for A = T7..
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Figure 6. The scattering cross section between a dark matter particle and a SM nucleon as a
function of the dark matter mass, which we assume is dominated by mirror fermion masses. The
three full coloured lines correspond to v’ /v = 3,4, 5.

3.3.3 Constraint on (He)! dark matter: region (a) of figure 4

In Region (a) of figure 4, where d’ is sufficiently heavy, the lightest baryon is B There-

uuu*
/
uuY

which are stable cosmological relics. Once most of these combine into (He),, they may
explain the observed dark matter in the universe.

We calculate the recombination of (He),, following the method described in [48], which
calculates the recombination in the SM. We rescale recombination coefficients, etc, accord-
ing to me /me. This is applicable as long as my/ys > me. The temperature of mirror

fore the mirror matter asymmetry results in the asymmetric components of B/, . and ¢,

— 11 -
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Figure 7. A sample evolution of the ionization fraction of (He),.

photons is determined via

7 14 74\ 1/3 AN\ V4
T, /T, = [ —AN, =) ~042 . 1
v/ (29 H) (11> 0 ( 0.5 ) (3:13)

A sample evolution of the ionization fraction of the mirror electron, X/, is shown in figure 7.

At low temperatures we find

Xer 22005 (guggf)w (0.2?&\/)0.8 <A(ﬁeﬁ> " (3.14)

where we assume My /ml, > 1. The sudden decoupling approximation from Saha’s
equation predicts X o< My mer, but, as it can be seen in figure 7, the approximation is
far from perfect. Since the ionized components scatter with each other with a long-range
force, their fraction is constrained by the possible change of the mass-to-luminosity ratio
in the Bullet Cluster [49, 50], X < 0.3.

The (He)!, self-interaction cross section at low velocity is given by

g ~ f(mu’u’u’/me’) 1

10 Gev ( 1 GeV)2 FMarar [mer)

= 8.2 cm?
o /g mMer 20

mpMm mg/ a? Moy u'u! My /!

(3.15)

We evaluate the function f by calculating the s-wave scattering cross section using the
HFDHE2 potential [51]. The numerical value of f(mysyr/me) is given in figure 8. We
adopt the constraint o/mpy < 10 cm?/g [52]. The Bullet Cluster gives a stronger con-
straint on o/mpy. However, the velocity of dark matter there is large, v ~ 1072¢, so that
the typical momentum exchanged between dark matter exceeds the inverse of the Bohr
radius of (He)!, giving a scattering cross section significantly suppressed relative to the
low velocity one in eq. (3.15).

In the top left panel of figure 9, the shaded regions are excluded by the constraint
on (Mer, Myryryy) from the ionization fraction and the self-interaction. A portion of the
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Figure 8. The normalized self-interaction cross section of (He)’, f, of eq. (3.15).

parameter space is allowed. Solid lines show the prediction of the SU(5)-consistent FN
model for (me, myryr). The lines labeled “0 = 0,1,2” show the range of the prediction
with |6¢] = 0,1, 2, taking into account the 30% uncertainty of the Yukawa coupling of the up
quark. We choose the signs of d,, . and the uncertainty of y,, so that the upper (lower) two
lines are located to the upper-left (lower-right). Here we neglect the difference between
M(Byw) and My = 3myy. For small m], the contribution from the mirror QCD
dynamics is non-negligible, and the solid lines would slightly rise. €' /e < 2.2 is excluded by
the measurement of the Higgs signal strength. It can be seen that ¢ /e = 2.2 — 2.4 predicts
values of (mer, My ) consistent with the constraints, and the mass of dark matter is in
the range (10 — 20) GeV. All of this range is currently allowed by data from XENONI1T,
but much of the upper range will be probed by XENON 1T, LZ and DARWIN, as shown
by the dashed lines.

3.3.4 Constraints on H’/H/ dark matter: regions (b) and (f) of figure 4

In Region (f) where v’ is sufficiently heavier than d’, the lightest baryon is B/, so that the
mirror asymmetry is in the asymmetric components of B, and ¢/. They may recombine
into a neutral atom H, and explain the observed dark matter. The discussion here also
applies to Region (b). There the lightest baryon is B, but, once the recombination
B, +€¢ — He, happens, He! decays into B), ,+1, and the recombination B, ,+€ — H’
follows. The first recombination process is more efficient than the second one due to the
larger charge of the nucleon, so that we may approximate the whole recombination process
as that of B!, ,+ ¢. We denote the mirror baryons of unit charge (B, , or B),,) as B'".

We calculate the recombination of the mirror baryon and mirror electron following [48].
We find the ionization fraction,

0.9 1/4
mp+ + Mes Mred,e’B' \ 09 [ ANeg
Xo >~ 0. : 1

e = 0.05 < 10 GeV > (0.94 Gev> < 0.5 ’ (8.16)
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Figure 9. Constraints on the masses of By (top left panel) or By g g/ Byrwrar (top right panel)
and €’ from self-interactions of mirror atoms, the mirror ionization fraction and direct detection.
The bottom panel assumes that the mass of B, qg:¢ = n' is below m g+ +m/., and the mirror electron
capture occurs inside the mirror atom. Solid curves show predictions of the SU(5)-compatible model

for a range of the uncertainties, as described in the text. Dashed curves give expected reaches of
future direct detection experiments.

where meq g is the reduced mass of the mirror electron-baryon system. For fixed mirror
baryon and electron masses, the ionization fraction of H'/H], is smaller than that of (He),,
since the recombination cross section is larger for H'/H].

For mp//me = O(1 — 10), the H'/H, self-interaction cross section is given by [53]

o 100

mpwMm mz/

2
~ 5.1 cm?/g x 20 GeV (2 GeV) (3.17)

042 mpmMm mp Mer

In the top right panel of figure 9, we show the constraints on (me, mp+) from the
ionization fraction and the self-interaction. In order for H'(H]) to be dark matter, m,,
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must be similar to (larger than) mg. The right bottom panel of figure 5 shows that this is
possible if m,s (mgy) is larger (smaller) than its central value. The figure also shows that
for |d¢] < 1, mg is not much smaller than m,,. Based on these observations, in the right
panel of figure 9 we show predictions for (m.s, 3mg) by solid lines, fixing é,, = +1 and the
SM up Yukawa coupling larger than its central value by 30%. The various solid lines show
that much of the allowed space is possible with |d.| < 2. Hence, with € /e = 2.2 — 2.5 the
prediction for (me, mpr+) is consistent with the constraints, and the mass of dark matter
is in the range (20 — 50) GeV. XenonlT, LZ and DARWIN will probe all of this range.

3.3.5 Constraints on n/ dark matter: regions (c), (d) and (e) of figure 4

In Region (d) the lightest baryon is B!, = n/, so that the mirror asymmetry is in the
asymmetric component of n’. There is no constraint from the ionization fraction or from
the self-interaction cross section.

In Regions (c) and (e) the lightest baryon is not n’ but a charged mirror baryon.
However, once recombination happens, the mirror atom decays into n’ + v, yielding n’
as a stable particle. Still, the recombination may not be complete and there would be a
constraint from the ionization fraction. In Region (e) the recombination process is B, +
¢ — Hj, while in the right part of Region (c) it is B, + ¢ — H’. In the left part
of Region (c) the recombination proceeds via B, + ¢ — He,, He, — B! ,+ V', and
B! .. +¢ — H'. The first and the second reaction is more efficient than the last one, so
+e — H'. Thus in Regions (c) and (e)
the recombination process is described as that of a mirror baryon with unit charge (B/+)

that we may approximate the whole process as B,
and €.

In appendix E we calculate the ionization fraction with the inclusion of electron cap-
ture. We find that the ionization fraction is well-fitted by the following formula,

My mred,e/B’>0'8 A-ZVeiCF 1/4
10 GeV 1.6 GeV 0.5 ’

X, ~0.05 ( (3.18)
In the bottom panel of figure 9, the corresponding constraint on (m,s, m,) is shown. The
constraint is weaker than that on H’/H| dark matter, as the electron capture removes the
mirror atom from the thermal bath, inhibiting the inverse process H'/H., +~' — B'" +¢'.
The solid lines are the same as those in the top right panel, and show that €'/e < 2.4 is
allowed with |d.| < 2. The mass of dark matter is in the range (20 — 60) GeV. Part of the
parameter region is excluded by XENONI1T. XenonlT, LZ and DARWIN will probe all of
this range.

3.3.6 Mirror and SM matter asymmetries

As we have seen, in viable parameter regions the mass of dark matter is O(10) GeV. Hence
the observed dark matter abundance is explained by a mirror matter asymmetry of the
same order as the SM matter asymmetry. A difference of O(1) in the asymmetries may arise
in some scenarios of baryogenesis. For example, if the baryon asymmetry is created by the
Affleck-Dine mechanism [54, 55|, an O(1) difference is expected from the difference of the
initial mis-alignment in the angular direction of the scalar field responsible for baryogenesis.
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A dark matter mass of my, - Qpm/Q, &~ 5GeV is close to being allowed for He!, dark
matter. This would be consistent with equal matter asymmetries in the standard and in
the mirror sectors.

3.3.7 Possibility of mirror nucleosynthesis

Mirror baryons collide with each other and may form bound states, namely mirror nu-
clei [32]. Formation of nuclei of generic composite dark matter is discussed in [56, 57].

In our case first we argue that mirror nuclei composed of more than two baryons are
unlikely to be formed. In most of the parameter space the mass difference between the
lightest mirror baryon and the next to lightest one is much larger than m. /18, so that
almost all of the mirror baryon number is stored in the lightest mirror baryons. Therefore,
in order for the lightest mirror baryon to form a bound state with more than two baryons,
a non-zero angular momentum is required due to Fermi statistics. This leads to a positive
energy of order 1/(mp/r?), where r is the radius of the bound state. We expect that r—1
is as large as the mass of the mediator of the mirror strong force. In the parameter space
of interest mg v > 17, so 1/(mpir?) = O(my 4). On the other hand the possible binding
energy would be at most O(T)) < O(mg /). Thus we expect that mirror nuclei composed
of more than two lightest mirror baryons are unbound.

There could be a mirror nucleus composed of two lightest mirror baryons. A lattice
QCD calculation with a quark mass larger than normal seems to make space for di-neutron

and di-proton states [58, 59]. Although it is not clear if a mirror di-neutron and di-proton

/!

exist for our mirror quark masses, or mirror di-B,,,,

and di-B/,, exist for any mirror
quark mass, let us suppose that those states are stable and discuss the phenomenological
consequence. To verify this assumption, a dedicated lattice calculation is needed.

Once the temperature drops below the binding energy, almost all of the lightest mirror
baryons in figure 4 are combined into di-baryon states. In Region (a), a mirror baryon with
charge 4 is formed. The recombination as well as the self-scattering cross section is affected,
in a way that we do not pursue further in this paper. In Region (b), mirror di-protons are
formed via the formation of di-baryons and the mirror electron capture. The constraint on
He! is applicable but with twice larger baryon mass. There is no viable parameter space
for the SU(5) model. In Regions (c), (d) and (e), mirror di-neutrons are formed. The
constraint on n’ is again applicable with twice larger baryon mass. All parameter region
of the SU(5) model with v'/v < 4 can be probed by the XENONI1T. In Region (f) mirror

di- B/, are formed. The constraint on He/ is applicable but with twice larger baryon mass.

3.4 Dark radiation

In the early universe with a sufficiently large temperature the SM particles and their mirror
partners interact with each other and have the same temperature. Below some temperature
T, the interaction becomes inefficient and they evolve independently. Mirror particles
eventually decay/annihilate into mirror photons and neutrinos, which are observed as dark
radiation. The abundance of the dark radiation, traditionally expressed as the excess of
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the effective number of neutrinos from the SM prediction, is

4, 10\ g @)\
Aler = 761 X (g(Td)> ) < g ’ (3.19)

where ¢(T') and ¢'(T') are the effective entropy degrees of freedom (d.o.f) of the SM particles
and the mirror particles at temperature T', respectively. The second factor in the r.h.s. of
eq. (3.19) expresses the heating of the SM neutrinos, whereas the third factor expresses
the heating of the dark radiation. g, is the d.o.f. of the radiation component of the mirror
sector. In the minimal model where the mirror neutrinos are nearly massless, g. = 29/4.
We extract the d.o.f. of the SM particles g(7) from [60].

3.4.1 Generic decoupling temperature

In this subsection we treat Ty as a free parameter. If T, > T/, the mirror gluons give a large
contribution to ¢'(Ty), and ANeg is larger than the constraint from the Planck satellite,
ANcg < 0.65 (20). We only consider the case with T; < T/, and neglect the contribution
from the mirror gluons to ¢'(7y).

The contributions of the mirror photons, neutrinos and leptons to ¢'(Ty) are readily
estimated using the ideal gas approximation. The mirror quarks, on the other hand, cannot
be treated as an ideal gas, especially for T; < T/, where the dynamics of the mirror quarks
is better described as a gas of mirror hadrons. Figure 1 shows that among mirror hadrons,
the ones composed of mirror up quarks are the most important ones. We estimate the
contribution from the mirror QCD sector, treating the hadron gas as an ideal gas composed
of mirror 0 (J =0,CP =++),7 (J=0,CP =+-)and w (J = 1,CP = ——), with their
masses given by

m?2 = (2my)? + (1.5T0)%,

o

m2 = (2m,)? + (3170)%, (3.20)

m% = (2m,)? + (4T7)*.

w

The contribution proportional to T/? is inferred from the Standard Model QCD spectrum.

In figure 10, we show the prediction of AN.g as a function of Ty with fixed m./, m,s and
T, neglecting the contributions from the other mirror fermions. The brown, red and green
lines show the contribution from ~/v/, v/v/¢’ and v'v'e’a’'n""w’, respectively. These figures
show that ANg is dominated by the contribution from +/, v/ and €’. For comparison, we
also show ANeg calculated using the quark picture with the ideal gas approximation by a
blue line: confinement suppresses the abundance of dark radiation.

In figure 11, we show the prediction of ANeg as a function of € /e and T;. Here we
choose the sign and the value of each 0 so the yu becomes as large as possible, expect
for 4., for which we take §, = d to suppress ANgg. The red line shows the mirror QCD
phase transition temperature 7. Above this line the contribution from mirror gluons
makes ANqg unacceptably large. Blue shaded regions are excluded due to too small u, as
discussed in section 3.2. The amount of the dark radiation is typically AN.g = 0.3 — 0.6.
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Figure 10. The dark radiation abundance predicted as a function of the decoupling temperature.
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Figure 11. The predicted dark radiation abundance expressed as AN.g. We choose the mass
spectrum of mirror fermions to minimize the invisible decay of the Higgs except for the mirror
electron. In the red shaded region Ty > T, and the abundance of the dark radiation is too large.
The solid and dashed blue lines show the decoupling temperature via the Higgs exchange in the
hadron (T req) and the quark-gluon picture (Tg q4), respectively. For the quark-gluon picture the
decoupling temperature is mainly determined by the annihilation of mirror quarks, while for the
hadron picture it is mainly determined by the decay of mirror glueballs.
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3.4.2 Decoupling temperature from Higgs exchange

In this subsection we estimate the decoupling temperature determined by the Higgs ex-
change between the SM particles and the mirror partners. The interaction rate between the
mirror leptons and the Standard fermions is readily estimated using the ideal gas picture,
following [5]. The scattering cross section between a mirror fermion f’ and a SM fermion
f is given by

1 /meN2 fvmpeN2 memypr p
1 1) = 5 () (S

where we take a non-relativistic limit. Here p.y, is the momentum of the fermion in the
center of mass frame. In the thermal bath, it has a typical size

2 4T(mf + mf/ + ‘/mfmf’)

= . 3.22
The annihilation cross section of a pair of f’ into a pair of f is given by
~ . Nt rmpN2 romp2 (m% —m3)3/2
o(fF = e = 2 (BL) ()~} (3.23)

mf/mh

Here py is the momentum of f” in the center of mass frame. In the thermal bath, it is
as large as pfc, ~ 3mpT /2. Ny is the multiplicity of the Dirac fermion f: for one lepton
(quark) Ny = 1(3). The transfer rate of the energy density of mirror particles into SM
particles is then given by

d
apl‘f/ = Z (4anF (mf,T)) (4Nf/nF (mf/,T)) O'Urel(ff/ — ffl) X AE
f
+ Z Nf/4ﬂp(7’ﬂf/, T)Qavrel(f’f/ — ff) X me/, (3.24)
!

where np(m,T) is the number density of a fermion of mass m in the thermal bath at
temperature T, and AE ~ T is a typical energy transfer by the scattering ff" — ff'.

The scattering with mirror QCD charged particles requires a dedicated treatment. We
use in succession quark and hadron pictures with an ideal gas approximation to calculate
the energy transfer rate.

Let us first treat mirror QCD charged particles as an ideal gas of mirror quarks and
gluons. The scattering cross section between a mirror fermion f’ and a SM fermion f is
given by eq. (3.21). The annihilation cross section of a pair of mirror quarks ¢’ into a pair
of f is given by

. Nt rmp\2 fompn2 (m3, —m%)3/2 2mx
AN ~ f ( f) ( /f) f f 2« 1 2
U(q q ff)vrel 47T v v 2 m?/m%‘ pf 1 _ e—27r;1; ( + €z ) ?
4 o,
= = , 3.25
3Urel ( )
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where we have included the Sommerfeld effect [61] for a p—wave annihilation [62]. The fine
structure constant should be evaluated at the scale p ~ 4/3mya/,/2 [63], so we solve the
consistency condition

2

3 as(p) = p (3.26)

to determine the appropriate scale. We put vy = y/71/my to estimate the Sommerfeld
enhancement factor. The contribution of a mirror quark ¢’ to the energy transfer rate is
given by eq. (3.24).

The mirror gluons also couple to the SM Higgs,

v h o 11 / v h o /
=" =N (14 —al(mg) ) GEe" ~ S ge g, 3.27
v 2 121 & ( sl )> n v 2 2 (3:27)
q

The annihilation cross section of a pair of mirror gluons into a pair of SM fermions f is

= 2va2a’2mf21p 4 m%3/2
U<9/9/—>ff)vre127<?> (2;> (T) W(mh) ( _pz) ) (3.28)

while the scattering cross section is

olg'f—4f) = % (3)2 (;&)2 (%)2 % (Z:;j)4 (3.29)

where we take the non-relativistic limit for f. Due to the absence of the Sommerfeld effect,

however, the energy transfer from mirror gluons is negligible in comparison with that from
mirror quarks.

We define the decoupling temperature by (dp'/dt)/p’ = H, where H is the T-dependent
expansion rate of the universe. In figure 11, we show the decoupling temperature T 44
determined by the Higgs exchange with the quark picture by dotted lines. We find that
T4,4g can be lower than 7. The decoupling temperature is dominantly determined by the
annihilation of mirror quarks. We note, however, that this does not mean that the actual
decoupling temperature T, can be below T).. As the temperature drops and becomes close
to T/, the ideal gas approximation of mirror quarks is not straightforwardly applicable,
and is expected to break down for T; < T”. Our estimate at least shows, however, that the
decoupling temperature is close to T}.

Let us next treat the mirror QCD charged particles as an ideal gas of mirror hadrons.
We include the scattering and the annihilation of mirror glueballs. A spin-0 glueball with
CP = 4+ mixes with the SM Higgs and decays into SM fermions. A result of a lattice
calculation is available for the lightest one, Sé++. Using the lattice calculation for the
relevant matrix element and for the glueball mass [64],

’ / /
< O]gSQGZVGWa |Sg++ > 2.7m3§,++, mgr
0

1, 53T, (3.30)

the decay rate of Sj, . into a pair of Standard Model fermion f is given by

9 1 2.7 mS(,)+

_ 1 o2/ 1 \? /my . 4m’
OS5 10 = 552 () (w) (5H) e

(3.31)

m2,
ot++
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The scattering cross section of a mirror glueball S/ can be estimated by the trace anomaly,

11

S’
< Sil 3272

g5 G, G |S] >=2m3, (3.32)

where we assume that the mass of the mirror glueball is not affected by the masses of
mirror fermions, which is the case for sufficiently large mirror fermion masses and/or large
N.. The scattering cross section between a mirror glueball S} and f is given by

1 4 2 2 /fUvMmgr 2 m+Mmqgr em
ovrel (] — fsg)=< ) (ﬂ) ( Sz) 175 P (3.33)

87 \ 11 v v'2 ) mp+mg my

We take into account the scattering with mirror glueballs of spin Sg, = 0,1,2 and CP =
++,+—,—+,—— , whose masses are estimated in [65]. The contribution of the mirror
glueballs to the energy transfer rate is given by

d
s :; (4Ngnp (mg, T)) (285, + Vn (msp, T) ) ovea (5] = £57) x AE

+ Z np(ms, ., T)I'(Sor+ — fF) Syt (3.34)
f

where np(m,T) is the number density of a boson of mass m in the thermal bath at
temperature 7T

We also include the annihilation and the scattering of mirror quarkonia. The decay
rate of a mirror quarkonium with spin-0 and C'P = 4+, x4, into a pair of SM fermions is
approximately given by

£ = n 3
D(xg = £F) = o(dd = fFveellp, =m0 = (mgal)’. (3.35)

13 (

The scattering cross section between a mirror quarkonium x; and f is given by

1[4\ ympn\2 (vme \? mpmy poy
Jvrel(fx2—>fx2)=< > (J) < Xz) X Pem, (3.36)

87 \ 11 v v'2 ) mp+my my

Here we assume that the mass of the quarkonium is dominated by the mirror quark mass.
We take into account the scattering of all the quarkonia composed of d’, s', v/, v/, ¢ with
spin-CP 0%~ (n-like) and 17~ (J/¢-like).

In figure 11 we show by solid lines the decoupling temperature 7g 5,4 determined by the
Higgs exchange in the hadron picture. In some of the parameter space Tg jqq is lower than
T!. The decoupling temperature is dominantly determined by the decay of glueballs. The
estimated Ty pqq is however close to T!, and the thermal effect may be important (e.g. that
on the glueball mass). The raise of Tj g When lowering €' /e below about 2.6 is due to
the kinematic suppression of the decay of the lightest glueball into bb. Inclusion of higher
resonances might make T} 544 smaller than T, also for € /e < 2.6.
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3.4.3 Decoupling temperature from kinetic mixing

The kinetic mixing between the hypercharge gauge fields,

1 €kin v/
BB, (3.37)

2 COSG%V

can maintain thermal equilibrium between the SM and mirror sectors through the scattering

between a mirror charged fermion and the SM photon. The mirror electron is the lightest

mirror charged fermion and decoupling does not occur until the temperature drops below

its mass. For T' < m,/, the scattering cross section for the process €'+ <+ €’ is given by
8T 9 o 1

U(f/’Y, AR f/V)U = ?Ekina 2 (3.38)
e/

The scattering rate becomes smaller than the expansion rate of the universe below a tem-
perature Ty gin,

Me!

m. (3;39)

Ty kin ~

Sufficient suppression of ANeg requires 0.2 GeV < Ty, < T.. For the mirror electron
mass we are interested in, this is achieved for eg, ~ 1077 — 1075, Kinetic mixing of this
size is excluded if dark matter is mirror atoms, but is allowed if dark matter is composed
of mirror neutrons [5].

4 Variant models

While in principle there are many models based on egs. (2.2), (2.3), they are greatly re-
stricted by the need to account for the known fermion masses and quark mixings. To
illustrate the broad persistence, given this constraint, of the mirror fermion spectrum
obtained in section IITA, we briefly consider in this section two variants of the SU(5)-
compatible model examined there. In both the new models [66] we take the FN charge
of the Q1 multiplet to deviate by one unit from the charge of @y,é; in order to get the
same scaling law in terms of € as in the Volfenstein parameterization of the CKM angles,
Vs & A, Vep = A2, Vi & A2, in terms of A\ = 0.22.

The FN charges of the two models and the corresponding scaling law of the masses are:

e Model B1
Q:(3,2,0), @:(4,2,0), &:(4,2,0), d,L: (4,3,3) (4.1)
mgy ~ 14+ O(e'), me ~ €* (1+O(64)), My ~ € (1+O(e4))
M S(140(@), m~E(140(@),  ma~d (140(&)

mr~e (1+0 (), my~eé (1+O(62)), me ~ € (1+0 (%)) (4.2)

- 29 —



mp | GeV

mp | GeV

€'le

Figure 12. The mass spectrum of the mirror fermions in models B1, B2. The bands show a
possible deviation from the simple scaling law with || < 1. Here we have taken the central value
for the Yukawa couplings of the SM fermions.

e Model B2
Q:(3,2,0), u:(4,2,0), e:(4,2,0), J,L 0 (3,2,2) (4.3)
th1+O(64), me ~ €* (1+O(64)), My ~ € (1+O(e4))
M (140(@), o~ (150(@),  mimd(1+0()

my ~ € (1—|—O(€2)), my ~ € (1+O(62)), Me ~ € (1—1—0(62)) (4.4)

How well these models account for the known masses and mixings is illustrated in ap-
pendix C, where they are also compared with the SU(5)-compatible model of section IITA.

Based on eq. (3.3), similarly to figure 1, we show in figure 12 the masses of the mirror
fermions. The consistency of these models with the constraints from Higgs decays is shown
in figure 13. Concerning Dark Matter, the overlap of the masses of u/,d’ in figure 12 for
the model B2 makes it relatively more likely that in this case B, be the lightest stable
mirror baryon.

5 Conclusions

Can Minimal Mirror Twin Higgs be the reason why LHC has not found, so far, any signal of
New Physics and, at the same time, explain the surprising similar size of Dark Matter and
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Figure 13. Prediction of the Higgs signal strength in models B1, B2. Panels with 6 = 1,2 have
the mass spectrum of mirror fermions chosen to minimize the invisible decay of the Higgs. Decays
to ¢’ exclude €’/e less than about 2.2.

baryon densities? In [5] we have argued in favour of this possibility, attributing the needed
breaking of parity only to a difference in the Yukawa couplings between standard and
mirror fermions, except the top. We were led to this hypothesis by the need to keep under
control, in the absence of an exotic cosmological history, the amount of mirror radiation.

In this paper we have made the further step of identifying the source of the difference
in the standard and mirror Yukawa couplings: a different single scaling parameter, € versus
¢/, that is at the origin of the hierarchy in the masses of the charged fermions. In this
way the masses of the light mirror fermions are raised, while the top Yukawa couplings
remain similar, and the separation between the heaviest and the lightest is reduced, with
respect to the masses of the standard fermions, by almost two orders of magnitude. This
can be done in a general scheme that we call “Minimal Flavor Hierarchy”. While there
can be many such models, different in the physical origin and in the detailed parameters,
the range of the predicted signals is greatly reduced by the need to reproduce the known
charged fermion masses. Therefore, although we have based our detailed predictions on a
specific Froggatt-Nielsen model with SU(5)-compatible U(1) charges, we believe that their
main features have a broader validity.

From a phenomenological point of view the new main achievement in the present paper
is contained in the part of section 3 where we discuss the various DM configurations, which
can be in the form of mirror atoms, Hydrogen-like or Helium-like, or of mirror neutrons. A
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special summary of the overall situation is in figure 9. It is remarkable that one can give a
detailed prediction of the possible DM configurations and that the entire allowed regions,
mostly controlled by the single parameter € /e, are within reach of foreseen direct detection
experiments for a wide range of the uncertainties. As already pointed out in [5] we expect
other correlated signals in Higgs decays and in the amount of dark radiation. In theories
with Minimal Flavor Hierarchies these predictions are sharpened, as shown in figures 2, 13
and figure 11 respectively.
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A Minimal flavor hierarchy from extra dimensions

We first review the model of the flavor hierarchy introduced in [10]. We consider a flat
extra dimension compactified to an orbifold S;/Zs, with fixed points y = 0,+L/2. For a
fermion 1 the following boundary condition is imposed to obtain a chiral fermion in the
low energy 4D theory,

w(xa _y) = i75¢($7y)7 1/1(337 g + y) = Z’Yfﬂﬂ(%g - y)a V5 = —1 (1 _1> . (Al)

The fermion 1 has a mass term with a non-trivial profile in the extra dimension,

M :0<y<L/2

A2
—M:—-L/2<y<0. (#.2)

Lsp =P (ivNoy —m(y)) ¥, m(y) = {

The profile is consistent with the boundary condition as well as with the Zs symmetry, and
may be dynamically generated with a thin domain wall of a scalar field. The equation of
motion of the wave function of the zero-mode of v is given by

Oytho,+ = £ Mg +. (A.3)

The solution for this equation is symmetric for y <+ —y due to the profile of m(y), and only
Y4 o is consistent with the boundary condition. The normalized zero mode wave function
is given by

vo(y) =/ g — e (A.4)

The zero mode is localized around y = 0 for M < 0, and around y = L/2 for M > 0.
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Figure 14. Sketch of a 6D theory that leads to the MMTH scenario.

The structure of the Yukawa couplings in eq. (2.2) arises when the SM fermions, with
bulk mass M; different from each other, are localized around y = L/2, while the Higgs field
is confined to the brane at y = 0. From the 5D brane couplings
Aij

‘HfL,z‘fR,ja (A.5)

Lsp = —5(Q)M

we obtain the 4D Yukawa couplings
_ Ao o .
Lap = —vyi; HfLifRjs Yij = MU ¥r100(0)05, 0(0) x e MLy e~ Mi/E (A.6)

The O(1) top yukawa coupling is obtained by localizing Q3 and u3 at y = 0.

To obtain the minimal flavour hierarchy of MMTH, as described in section 2, we
consider the 6D configuration depicted in figure 14. The extra dimensions are compactified
to T/(Zy x Z3), with fixed points at (ys,y6) = (0,0), (L/2,0), (0,L'/2) and (L/2,L'/2).
The SM and mirror fermions are confined to the 5D brane yg = 0 and y5 = 0 respectively.
Those fermions have exponential profiles in each 5D brane via the mechanism shown above.
The Higgs sector is confined to the 4D brane at (ys,ys) = (0,0). The Zs symmetry, which
is now understood as the symmetry y5 <> yg, is spontaneously broken by L’ < L, which
gives € > e.

We assume that the gauge fields live in the 6D bulk which ensures the identity of the
gauge couplings from the 6D bulk, g = ¢/, at the tree level. A difference between them
could arise from the quantum correction from KK modes and the 5D bulk gauge couplings.
The former is loop suppressed and is much smaller than the tree level one unless the cut
off scale is much larger than the KK scale. The latter is also suppressed if L, L' > M !,
where M, is the cut off scale, due to the volume factor. It is also possible to obtain non-
Minimal Mirror Twin Higgs with g # ¢’ with the above two corrections, or confining gauge
fields to the 5D bulks. This might be beneficial for two reasons. First, g5 > g3 raises the
mirror QCD phase transition temperature 77, which helps suppressing the abundance of
dark radiation. Second, o/ > a makes recombination for the mirror atomic dark matter
more efficient. It also suppresses the self-interaction of atomic dark matter, widening the
allowed parameter range. We do not pursue this possibility in the present paper.
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So far we have treated the Higgs field as a fundamental field. In some UV completions of
MMTH the Higgs could be composite. Then the above derivation of the suppression factor
e~ ML should be applied to the operators which eventually lead to the SM Yukawa couplings.
For example, if the Yukawa couplings originate from mixing between fundamental SM
fermions and composite fermions, we may apply the above discussion to the mixing instead
of the Yukawa couplings in eq. (A.5).

B Scaling law

The down Yukawa matrix for the SU(5) compatible model in eq. (3.1) is of the form
ae® bet cet
L= H*Qin,ijCZj, Yd,ij == 63 d63 662 f€2 . (Bl)
gel ho i

The square of the matrix is
8 (02 + 2 + a*e?) €8 (be + cf + ade?) €* (bh + ci + age?)
YdeT = [ € (be + cf +ade?) et (e + f2 4 d*¢?) € (eh + fi+dge?) | . (B.2)
€' (bh + ci+ age®) € (eh+ fi+dge®)  h? +i* + g*¢?
From this we obtain the bottom Yukawa coupling,

yp = (h* +i%) ° (1+ 0(62)> . (B.3)

By integrating out the bottom quark, the 2 x 2 squared Yukawa matrix of the first two
generations is given by

102 2(_ 2 ) A2
(YYT>d = (ch — bi) 4 (1 e? (—a (h? +i%) + bgh + cgi) )7

'd h2 + 2 (h? + i2) (ch — bi)?
T ~ (ch —bi)(fh —ei) 19
<Yde >ds,12 - h? + 2 ¢

o (1 (—a (h* +i%) + bgh + cgi) (—d (h* +i%) + egh + fgi) 2
(h? 4+ i2) (ch — bi)(fh — et) ’

] - (fh — ei)’ 10 (=d (P* +i*) +egh+fgi)2 2
(Vi) . = “ar <1 T2 (fh—e? ) (B-4)

Therefore the Yukawa coupling of the strange quark is

-\ 2
Y2 = mem (1+0(e?), (B.5)

and, by integrating s out, we obtain

o (—aei+afh+bdi—bfg— cdh+ ceg
Ya= (fh — ei)?

)2
0 (1+0(e?)) . (B.6)

—97 —



mp mr me ms mu my mq me
mi mi mi mi mi mi mi mi

SU(5) | 1.6€3 | 1.1e3 | 1.8¢* | 1.0€® | 1.25¢% | 2.5¢% | 4.5¢% | 0.6¢°
B1 1.6€3 | 1.1¢3 | 1.8¢* | 1.06° | 1.25€¢° | 0.55¢7 | 1.0€” | 0.6€°
B2 0.5¢2 | 0.4€2 | 4.0¢* | 0.45¢* | 0.6e* | 2.2¢7 | 0.7¢5 | 0.5¢7

model

Table 3. Leading scaling terms for the charged fermion masses in: i) SU(5), with € = 0.22; ii)
model B1, with e = 0.22; iii) model B2, with ¢ = 0.18.

model | Vi Vep Vb
SU(5) | 4.5¢% | 1.0€% | 2.3¢4
B1 1.0e | 1.0€? | 0.5¢3
B2 1.2¢ | 1.5¢? | 1.8¢3

Table 4. Leading scaling terms for the CKM mixings in: i) SU(5), with € = 0.22; ii) model B1,
with € = 0.22; iii) model B2, with e = 0.18.

C Evidence for the minimal flavor hierarchy

How well does the flavor structure of (2.2) account for the observed hierarchies of quark and
charged lepton masses in the three FN models considered in this paper? With € of about
0.2 and relative corrections of order €2 or smaller, the leading scaling terms in eq. (3.2) give
a quite accurate approximation for the charged fermion masses and quark mixing angles
in the SM. These leading terms are shown in table 3 and 4 for the models considered in
the text by fitting the experimental numbers without subleading corrections. In the SU(5)
model the coefficients of the leading terms shown in the tables are determined by a single
scaling variable, taken to be € = 0.22, and five integers. In model B1 we take ¢ = 0.22 and
in model B2 € = 0.18.

The closeness to unity of the coefficients of the leading scaling terms shown in table 3
and 4 represents evidence for the FN picture of the flavour parameters. The neutrino
masses and the PMNS angles can also be described by extending the models discussed in
the text with right handed neutrinos [27, 66].

D Mirror matter asymmetry for m,, ~ mgy

As commented in section IIIC6, it is natural to assume that the mirror sector has non-
zero baryon and lepton asymmetries similar to the SM ones. As the universe cools, the
symmetric components annihilate and almost disappear, and only the asymmetric compo-
nents remain. The dark matter component is determined by the scattering of the following
particles,

! ! ! / / /
uuu? uud? udd> decb €, V. (Dl)
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Let us first consider the B/ , =9/, B’ ., = n/, ¢ and v/ system. For simplicity we
uud udd y Yy
drop the superscript / from now on. The corresponding number densities are given by

3/2 3/2
np = (mpT> e—mp/T+,LLp/T’ ny = 9 (mPT> e—mp/Tflup/T’ (D2)
2 27
3/2 3/2
n, = 9 <mnT> e_mn/T""N’n/T’ Ny = 9 <mnT> e—mn/T—un/T’ (Dg)
27 27
3/2 3/2
s T
36(3) 3, 1 s 3C(3) 3 1 s

The asymmetries are given by

_Np—Np _ (mp)3/2 —myp/T ;1. Mo

Ay = 73 4 5T e P sth, (D.6)
_ My —Nj my, \ 3/2 —tmn T i q.

A, = 5 = 4 <27rT) e sinh T (D.7)
_Me—Me (M \32 o p o e

A = = 4 (27rT> e sinh T (D.8)

ny,—np 1
A, = = 6%‘ (D.9)

The charge neutrality condition, the conservation of the baryon asymmetry B = (np —
np)/T3, and that of the lepton asymmetry L = (ny, — ny)/T? require that

Ae = Ay, (D.10)
A, =B-A,, (D.11)
)T = 6L — 61, (D.12)

The charged current interactions maintain

Hp + He = fin + fy, (D.13)

up to some decoupling temperature Ty yy. The reaction p+e — n+v changes the asymmetry
of p and e with a rate

A
dt=p Nphe — Nphe
=—ov(p+e—n+v) )
Ap Ap
1 _ 2
ovip+e—n+v)= 7(mp+mi ) (D.14)
8w v
For T' < my, /25, np is smaller than n,, and we obtain
A me \3/2 T
B2 ~ov(p+e—n+v)ne ~ —av(p+e—>n+u)2< ) e me/ T, (D.15)
Ap 27T

~ 99 —



Here we assume that the symmetric component of e dominates over the asymmetric one.
The decoupling temperature of the process is given by (dA,/dt)/A,(T) = H(T). We find

Tiw o~ —. D.16
T (D.16)

At this temperature the asymmetric component of the mirror electrons is smaller than the
symmetric one, as assumed. Furthermore, since m, > m,, it is indeed verified that n; is
much smaller than n,,.

The dominance of the symmetric component of e implies |ue /7| < 1. Eq. (D.12) shows
that p, /T ~ 6L. On the other hand, at least one of p, /T and p,/T must be much larger

than unity to maintain the baryon asymmetry. Thus eq. (D.13) is solved by u, = p,+6LT.
We therefore obtain the relative abundance of p and n,

3/2
% — o(mp=—mn)/T ,~6L <mn> _ (D.17)

mp

Except for that case with m,, ~ m,,, |m,—my|/Tyqw is much larger than unity. For |L| < 1,
the baryon asymmetry is stored in the lighter between p and n. If L = O(1) this conclusion
may be changed, but we do not pursue this possibility in this paper.

/ /
uuw “uud?

show that the chemical potentials of those four baryons are the same. We conclude that

One can repeat the same analysis including all baryons B ! ads Bhag» and

the mirror baryon asymmetry is stored in the lightest among B, B.,4> Bhaq a0d Bl

as anticipated in section IIIC1.

E Mirror recombination with electron capture

In the following we drop the superscript ’ for simplicity. We consider the situation where
my + Me > My, so that the mirror atom is unstable due to the mirror electron capture
process, p + e — n + v. For s-orbit states, the decay rate of a mirror atom is given by

2

3
[(H(ns) = n+v) = [$(0)]*ov(p+e—n+v) = (mea)” 1 (myp +me —mn)

ndr 8w v
4 \* m 3 /my+me—m 2
~ —20 e §% e n =
= 2x 1077 GeV <v//v) (1 GeV> < 1 GeV > nd’ (E.1)

Around the temperature where mirror recombination occurs, T' < mea?, the decay rate of

the mirror atom is much larger than the Hubble expansion rate, and electron capture is
expected to affect the recombination process.

We formulate recombination with electron capture by modifying the Peebles model [67].
We consider transitions between the 1s, 2s and 2p atomic states as well as the ionized states.
The differential equation governing their fractions, z; = nis/npm, x2 = (n2s + n2p)/noM,
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Te = ne/npu, are given by

Ze = — (z2npmon — 2151) Pis — (v2npmas — 7288) (E.2)
1 =+ (zZnpmar — 2161) Pis + 2F2plsp2sls (372 - 437167E231S/T)

+ %Fzsu (962 - 49016_E2“S/T) — 21115 ec (E.3)
&y =+ (zinpmag — 26B) — %F2plsp2sls (962 - 49616_E281S/T>

- %FZSLG (1‘2 — 41‘16_E2515/T) — il'QFZs,ec (E.4)

and satisfies the detailed balance relation if electron capture is absent.

Recombination into the ground state. The first terms in the r.h.s. of egs. (E.2)
and (E.3) are from the process p + e «» H(1ls) + . The coefficient «; is the thermal
average of the cross section times the velocity of the process p +e — H(1s) 4 ~, which we
extract from [68] by subtracting the case B coefficient from the case A one. The coefficient
[ is given by

3/2
meT —F -/T
= s , E.5
o= (%) e (£
where Fji, is the binding energy of the 1s state. Pjs is the probability that the emitted
photon escapes from the capture by the inverse process and is given by the optical depth
T1s as

1 — e 7t 2 T 3/2
P — e _ TMpM Taq (me ) ' (F.6)

ST L=
s H FEj, \ 2r

When electron capture is absent, as recombination proceeds the optical width is so large
that the process p + e <> H(1s) 4+ v does not contribute to recombination. With electron
capture, x; remains very small and the optical depth is almost zero, and we may use the
approximation Py ~ 1.

Recombination into excited states. The second term in the r.h.s. of eq. (E.2) is the
effect of the process p+ e <> H(n > 1) +~. The n > 2 states rapidly cascade down to the
n = 2 states, and we may use the following so-called case-B coefficient for the evolution
of xo,

oo n—1 1

ap=1.14 x Z Z Z (ov(p+e— H(nlm) + 7)) ihormal - (E.7)

n=2 =0 m=—1

The factor of 1.14 allows the Peebles approximation to agree with a multi-level calcula-
tion [48]. The coefficient S5 is given by

T\3/?
BB = (n;ﬂ ) e B/l o, (E.8)
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Figure 15. A sample evolution of the ionization fraction when electron capture occurs.

Lyman-a decay 2p—1s. The second terms in the r.h.s. of egs. (E.3) and (E.4) are the
effect of the process H(2p) <+ H(1s)+~, and I'yp15 is the decay width of this process. Easis
is the difference of the energy levels of the n = 2 and 1 states. P15 is the probability that
the emitted photon escapes from the capture by the inverse process, and is given by the
optical depth 79,15 as

1 — e T2pls TINDM 37r2I‘2p15

P2pls = Ta T2pls = H Eiﬁ, . (Eg)
s

As is the case with recombination to the ground state, we may use the approximation
P2pls ~ 1.

Two-photon decay. The third terms in the r.h.s. of eqs. (E.3) and (E.4) are the effect
of the process H(2s) <+ H(1s)+ 27, and I'y515 is the decay width of this process. Without
electron capture, the two-photon decay may dominate over the Lyman-« decay, due to the
large optical depth 79,15. With electron capture, the two-photon decay is negligible, and

we ignore it.

Electron capture. The last terms in the r.h.s. of egs. (E.3) and (E.4) are the effect of
the process H(2s,1s) — n+v. The inverse process is ineffective. This process ensures that
r1 < 1, and Pys, Pop1s >~ 1

The atomic states are short-lived and we may estimate x; and x9 by putting 2; =
29 = 0, which we call x19 and x29. We find that x99 < 21, during recombination where
T < Fos1s, and the evolution equation of x. is given by

Te = _l'l,OFls,ec - x2,0F2S,€C = _xl,Orls,ec- (ElO)

The full expression for z1 is not simple, but we can find an approximate solution by
adding egs. (E.3) and (E.4), and neglecting z»,

xanM(al + aB)
51 + 1—\ls,ec

T1,0 (E.11)
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The evolution equation of x. is given by

F1s,ec

_— E.12
61 + Fls,ec ( )

Lo —mgnDM(al +ap)
This equation has a simple interpretation. Once the mirror electron is recombined into
atomic states, it rapidly falls into the ground state. The total rate of the formation of
the ground state is given by x2npy (o + ag). The ground state mirror electron is again
scattered into a free state with a rate B or is captured by the mirror proton with a
rate I'15 ... The latter contributes to recombination, and hence the recombination rate is
suppressed by Iy ce/(B1 + Disec):

A sample evolution of the ionization fraction of the mirror electron is shown in figure 15.
Here we use the full expression for x1 9. An approximated z1 gives about a 10% larger
ionization fraction. In the calculation we take v'/v = 4 and my, + m,, — me = mc/2 to
estimate the mirror electron capture rate, but the resultant ionization fraction is insensitive
to these parameters, since during recombination ;1 < I'is . and the dependence on I'i4 ¢
drops out from eq. (E.12).

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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